In this paper, we present a new method to synthesize a dual-cation (Li + 
Introduction
Hydrogen, which produces nearly zero pollutant emission from power generators, is regarded as one of the most promising cost-effective and renewable energy carriers during past decades. However, a safe hydrogen storage technology with a high energy density still challenges scientists worldwide.
1,2
LiBH 4 , which has high gravimetric and volumetric hydrogen densities (18.5 wt% and 121 kg$H 2 per m 3 ), is regarded as one of the most promising hydrogen storage materials. 3, 4 Nevertheless, LiBH 4 is thermodynamically stable and kinetically sluggish in dehydrogenation. Besides, extremely rigorous temperature and pressure conditions are required for LiBH 4 to re-form, which severely limits its practical on-board automobile application.
In past decades, numerous attempts have been carried out to destabilize LiBH 4 , including catalyst doping, [5] [6] [7] [8] [9] [10] reactive composite formation, 11-16 nanoconnement 17,18 and a combination of strategies. [19] [20] [21] [22] [23] [24] [25] [26] Recently, Orimo et al. found that the thermodynamic stability of ionic borohydrides can be correlated fairly well with the Pauling electronegativity c p of metal ions, M n+ ; the higher c p of M n+ , the less stable M(BH 4 ) n will be. 27, 28 This nding suggests that the thermodynamic stability of LiBH 4 can be tuned by using metal ions M n+ with higher c p to partially substitute the Li cations to form a dual-cation borohydride LiM(BH 4 ) n+1 . Employment of this strategy has yielded several novel dual-cation borohydrides. Jiang et al. 29 successfully synthesized a new Li-Ca-B-H complex borohydride with its rst dehydrogenation step started at ca.70 C, much lower than those of pristine LiBH 4 
Experimental section
All sample operations were performed in an Ar-lled glovebox, which was equipped with a circulative purication system to maintain the H 2 O and O 2 levels below 0.1 ppm. LiBH 4 (assay 95%, Alfa Aesar), NaBH 4 (96%, Sinopharm Chemical Reagent co., Ltd) and MgCl 2 (assay 98%, Sigma) were used as starting materials. Et 2 O (C 4 H 10 , 99.5%, Hangzhou Chemical Reagent co., Ltd) was used as solvent. 2 g mixture of LiBH 4 and MgCl 2 in a molar ratio of 3 : 1 together with 60 mL of Et 2 O was put into a stainless steel vial with a ball-to-power ratio of 20 : 1. The ball milling process was carried out on a planetary ball mill (QM-3SP4, Nanjing, China) under 1 MPa high purity H 2 (99.999%) at a speed of 400 rpm. The milling process was paused 0.1 h for every 0.4 h to avoid the increase of temperature. The prepared liquid mixture owed through a homemade ltration device to remove the by-product LiCl. Then the ltered liquid was heated to 205 C in a homemade vial and vacuumed at the same time for 2 h to eliminate the solvent, and the dry products were obtained. In comparison, Mg(BH 4 ) 2 was synthesized from MgCl 2 and NaBH 4 in dried diethyl ether as described previously.
33
Differential scanning calorimetry (DSC) measurements were conducted on a Netzsch STA 449 F3 analyzer under high purity owing argon conditions (99.999%, 50 mL min
À1
). The hydrogen desorption/absorption properties were quantitatively evaluated by a volumetric method on a Sieverts-type apparatus, where the experimental data were monitored and recorded automatically. About 150 mg of sample was used for each temperature programmed desorption (TPD) measurement. In the temperature ramp experiments, the temperature was gradually elevated from room temperature to 500 C at a heating rate of 2 C min À1 for dehydrogenation (under 4 bar initial hydrogen pressure) and hydrogenation (initially hydrogen pressure being 100 bar). For isothermal examination, the sample was heated to a desired temperature rapidly and kept during the entire measurement.
Morphology and elemental distribution of samples were identied by scanning electron microscopy (SEM, Hitachi SU-70) equipped with an energy dispersive X-ray spectroscopy (EDX, HORIBAX-Max). X-ray diffraction analysis was conducted on an X'Pert Pro X-ray diffractometer (PANalytical, Netherlands) with Cu Ka radiation at 40 kV and 40 mA. A special container fully lled with high purity Ar was prepared to avoid air exposure during sample transferring and testing. Fourier transform infrared (FTIR) spectra were obtained with a Bruker Tensor 27 unit in transmission mode. Solid state magic angle spinning (MAS) NMR spectra were obtained using a Bruker Avance 300 MHz spectrometer with a wide bore 7.04 T magnet and employing a boron-free Bruker 7 mm CPMAS probe. The spectral frequency was 75 MHz for the 11 B nucleus and the NMR shis are reported in parts per million (ppm) externally referenced to NaBH 4 . The powder materials were packed into 7 mm ZrO 2 rotors in an argon-lled glovebox and were sealed with tight tting Kel-F caps. The one-dimensional (1D) 11 B MAS NMR spectra were acquired aer a 1.7 ms single p/2 pulse (corresponding to radio eld strength of 92.6 kHz). The spectra were recorded at a MAS spinning rate of 5 kHz. The recovery delay was set to 5 s. Spectra were acquired at 20 C.
Results and discussion
Morphology and structure of as-prepared samples SEM images of as-prepared samples are presented in Fig. 1 . LiBH 4 has a occulent surface in Fig. 1a (Â1.00k) and larger magnication picture (Fig. 1b) shows a smooth surface with small holes in it. Comparing Fig. 2e) shows the total diffraction peaks of LiBH 4 and Mg(BH 4 ) 2 . The appearance of LiCl in Fig. 2d and in the lter residue (Fig. S2 †) measure out the exact composition of the new compound. Through the above discussion, the as-prepared Li-Mg-B-H is not just a physical mixture of LiBH 4 and Mg(BH 4 ) 2 but a new dual-cation borohydride.
Hydrogen desorption performance
The DSC-MS characteristics of as-prepared Li-Mg-B-H are shown in Fig. 4 . DSC curve exhibits ve endothermic peaks, which correspond to the structure transition (104.4 C), melting (174.2 C), and decomposition of as-prepared Li-Mg-B-H (260.9, 358.3, 391.6 C), respectively. 12 MS results demonstrate that the gas released is pure H 2 without B 2 H 6 , and MS desorption peak temperatures are in good agreement with DSC results. Kou et al. 35 found that initial hydrogen pressure had a great impact on the dehydrogenation of 2LiBH 4 -MgH 2 system. Under four bar initial hydrogen pressure, LiBH 4 reacts with Mg to yield MgB 2 , which is essential for the reversibility of this system. Four bar initial hydrogen pressure was also adopted to explore its effect on the decomposition of Li-Mg-B-H. , which is the main diffraction peak of MgB 2 . This testies that four bar initial hydrogen pressure can help to form MgB 2 during decomposition. Hence, variable temperature hydrogen desorption behavior of the as-prepared samples was conducted using a TPD apparatus under four bar initial hydrogen pressure. Worth-noting, the operating temperature for hydrogen desorption of as-prepared Li-Mg-B-H was signicantly reduced to 250 C, 70 C and 50 C lower compared to that of pristine LiBH 4
and as-synthesized Mg(BH 4 ) 2 , respectively. In total, 12.3 wt% hydrogen was released from the dual-cation borohydride, which is three times larger comparing to that of pristine LiBH 4 (4.3 wt%) and higher than that of as-synthesized Mg(BH 4 ) 2 (11.7 wt%). Furthermore, the new compound can release hydrogen at a rate of 13.80 wt% per h at 375 C, just as fast as as-synthesized Mg(BH 4 ) 2 , 30 times faster than pristine LiBH 4 (0.45 wt% per h).
The ndings indicate that the idea of using higher c p of metal ions Mg 2+ to partially substitute the Li cations to form a dualcation borohydride Li-Mg-B-H truly improves both the dehydrogenation thermodynamics and kinetics of LiBH 4 .
Dehydrogenation reaction mechanism
In order to fully understand the dehydrogenation process, the as-prepared Li-Mg-B-H was heated to different temperatures (295, 395, and 495 C) according to the DSC-MS and TPD results and the decomposed products were collected and applied with XRD and FTIR measurements, displayed in Fig. 6 . In the XRD patterns, Fig. 6b shows that high-temperature phase of LiBH 4 , MgH 2 and MgO (MgO comes from the air contamination of the sample during operation) formed aer heated at 295 C. From the FTIR prole in Fig. 6b Hydrogen storage reversibility Reversibility is one of the key features for hydrogen storage materials, especially for on-board applications. In order to study the reversibility of the new compound, we use temperature programmed absorption as well as isothermal rehydrogenation. Fig. 7a shows the temperature absorption curve from room temperature to 500 C with a heating rate of 2 C min À1 . The pressure is increasing linearly before the temperature is heated to 420 C, while maintaining and even decreasing when the temperature is above 420 C. This indicates that the Fig. 7 The rehydrogenation curves of the dehydrogenated sample of Li-Mg-B-H: (a) temperature programmed absorption from room temperature to 500 C at a heating rate of 2 C min À1 and (b) isothermal rehydrogenation at 420 C. dehydrogenated product of Li-Mg-B-H could be rehydrogenated at about 420 C. From the isothermal rehydrogenation curve at 420 C in Fig. 7b , the reduction in hydrogen pressure is related to the amount of absorbed hydrogen. XRD patterns (see in Fig. S4 †) show that the rehydrogenated sample is composed of MgH 2 and LiBH 4 . The dehydrogenation performance of the rehydrogenated sample was further carried out. The dehydrogenation curve is shown in Fig. 8 , and it can be observed that the rehydrogenated products can release 5.3 wt% hydrogen, indicating that the new compound has certain reversibility. Nevertheless, this is a great improvement for the reversibility of Li-Mg-B-H comparing with a previous work, 31 which can only be rehydrogenated to MgH 2 and release about 2 wt% hydrogen. Owing to the complexity of Li-Mg-B-H, detailed experimental and theoretical studies are still required to better understand the cyclic de/rehydrogenation behaviors of the Li-Mg-B-H system.
Conclusion
In summary, a new dual-cation borohydride Li-Mg-B-H has been successfully synthesized by ball-milling 3LiBH 4 In addition, partial reversibility of Li-Mg-B-H has been demonstrated and 5.3 wt% hydrogen can be released in the second cycle. According to the experimental results of this work, the strategy of altering the c p of metal ions in LiBH 4 can truly improve the hydrogen storage properties of LiBH 4 and it may provide general guidance and inspiration in dual-cation borohydrides hydrogen storage materials with advanced and controllable performances.
